Abstract-This paper presents an investigation into cloud-toground lightning activity over the continental territory of Portugal with data collected by the national Lightning Location System. The Lightning Location System in Portugal is first presented. Analyses about geographical, seasonal, and polarity distribution of cloud-to-ground lightning activity and cumulative probability of peak current are carried out. An overall ground flash density map is constructed from the database, which contains the information of more than five years and almost four million records. This map is compared with the thunderstorm days map, produced by the Portuguese Institute of Meteorology, and with the orographic map of Portugal. Finally, conclusions are duly drawn.
I. INTRODUCTION
E FFECTIVE risk analysis of faults in power systems is of the utmost importance in the design of adequate protection measures. One of the main causes of damage for power systems is certainly constituted by lightning [1] .
Due to the enormous amount of data that can be gathered by means of lightning location systems (LLS), these systems represent a promising source of experimental data to be used for the development of standards related to the protection of power systems against lightning [2] , [3] .
LLS have been installed worldwide to monitor lightning activity. The LLS are being operated in many countries, including the U.S. [4] ; U.K. [5] ; Japan [6] , [7] ; Canada [8] ; Austria [9] ; Italy [10] ; Guang-Dong Province, China [11] , [12] ; and Saudi Arabia [13] . The U.S. National Lightning Detection Network is the largest LLS in the world, recording more than 216 million cloud-to-ground (CG) lightning flashes during the first decade (1989) (1990) (1991) (1992) (1993) (1994) (1995) (1996) (1997) (1998) . Information about CG lightning is of primary interest for lightning protection applications [14] . These LLS collect information on lightning location, peak value of discharge current, number of lightning strokes per flash, polarity, and other useful information.
The lightning data observed with the LLS in Portugal is reported in this paper. Preliminary results were shown in [15] and [16] . About four million flashes were investigated to find out how many flashes occurred in the continental territory of Portugal. Ground flash density (GFD) maps are possible to be drawn with the data recorded by the LLS. When GFD maps are not available, the fault rate is derived from the so-called iso-keraunic level map or thunderstorm days (Td) map. The LLS in Portugal is first presented. Analyses about geographical, seasonal, and polarity distribution of CG lightning activity, and cumulative probability of peak current, are carried out. An overall GFD map is constructed from the database, which contains the information of more than five years and almost four million records. This map is compared with the Td map, produced by the Portuguese Institute of Meteorology (IM) and with the orographic map of Portugal. This paper is structured as follows. Section II describes the LLS in Portugal. Section III presents the Td map available. Section IV describes the methodology considered. Section V illustrates the results obtained. Finally, in Section VI conclusions are duly drawn.
II. LIGHTNING LOCATION SYSTEM IN PORTUGAL
The LLS in Portugal was put into operation in June 2002 by the IM. The system in the Iberian Peninsula consists of 18 combined magnetic direction and time-of-arrival finders (DTFs), four in Portugal, and 14 in Spain. In addition, Portugal receives information from the closest five DTFs placed in Spain, since December 2002. Fig. 1 shows the location of DTFs and contour lines of accuracy [17] .
DTFs are designed to respond to magnetic fields emitted from return strokes in lightning flashes. and longitude: magnetic direction, time of arrival, and a combination of the two. More comprehensive discussions, including other detection methods and frequency ranges, can be found in [18] and [19] . Furthermore, the system allows to indirectly infer the peak current from the remote field measurements and identifies the order of the return stroke measured in each flash detected.
The software manufacturer announces an error in spatial location, over the continental territory of Portugal, which is less than 500 m for the semimajor axis of a 50% probability ellipse. This manufacturer also announces efficiency in the order of 90% for flashes with first-stroke peak current higher than 5 kA, and for the same area (see Fig. 2 ) [17] .
When a magnetic pulse is detected by two or more DTFs, each DTF will determine the direction and time of arrival. Usually, an algorithm of waveform discrimination will be applied to distinguish the signal of CG return strokes from others (e.g., signals of intercloud lightning strokes, local noises, etc.). This is accomplished by comparing the waveform to a set of preset criteria regarding rise time, pulse width, etc.
As long as the signal of CG strokes is recognized as good, information of the direction, time of arrival, and signal strength will then be processed to determine the flash location and is recorded in the database.
The database includes about four million records, until the end of 2007. However, the number of DTFs involved in the detection, the error associated, and the quality of the correlation on data recorded by each DTF involved is analyzed by an algorithm. Due to this procedure, only about 700 000 records were considered for this paper.
III. THUNDERSTORM DAYS MAP
In most areas of the world, an indication of lightning activity may be obtained from the isokeraunic level map or Td map. The Td map of Portugal, shown in Fig. 3 , is a 30-years average map [17] . The Td maps show the average of thunderstorm days over many years. However, the thunderstorm days may vary with the year in a range of one order of magnitude. Hence, the Td map by itself does not show the variation of lightning activity with time in an area.
Some empirical formulas, establishing a relation between parameters Td and GFD, are available. Equation (1) (1) where GFD is the ground flash density in fl/km /year; Td is the thunderstorm days in days with thunderstorm per year; 0.04, and 1.25 are empirical constants.
IV. METHODOLOGY
The area under investigation is shown in Fig. 4 . A rectangle, named B, fully covers the continental territory of Portugal, limited in longitude by and in latitude by , was established. Two more rectangles with the same limits of latitude: rectangle A, covering an area on the Atlantic Ocean , and rectangle C, covering a part of Spain near to Portugal , were established. Since Portugal is in the boundary between the European continent and the Atlantic Ocean, it is interesting to compare data of these three different regions. Note from Figs. 1 and 2 that inside rectangles B and C, the system has the highest accuracy and efficiency. Although the accuracy and efficiency of the LLS is lower in rectangle A, the decision was made to also present these data, which must be taken with reserve.
The Portuguese boundary of Fig. 4 is provided by [20] , corresponding to official limits, rather than the Spanish boundary, which is a rough illustration.
Finally, text files with raw data are converted to database software files, filtering data by date, geographical location, polarity, and strength of signal.
V. RESULTS AND DISCUSSION
The results presented are related to data from July 2002, when the system became operational, until December 2007, which is the last month of data considered in this paper. However, the data of 2002 should be taken with reserve, since the system was still under testing. Table I shows the absolute and relative number of flashes, inside rectangles A, B, and C, from 2002 until the end of 2007. The average incidence over rectangle B is the highest, 380% more than A, and 17% more than C. Furthermore, the incidence of positive flashes in B is 265% higher than A and 244% higher than C. Positive CG strokes represent 34% over rectangle A, 22% over rectangle B, and 11% over rectangle C.
International standards, such as IEC 62305-1, assume a polarity ratio of 10% for positive flashes and 90% for negative flashes, if no local information is available. However, Portugal has an average percentage of 23.5% for positive flashes. This may be due to Portugal boundary condition, between the European continent, and the Atlantic Ocean, but also may be due TABLE II  GFD AND TD VALUES   TABLE III  FLASHES BY LATTTUDE to misclassification by the LLS of small positive cloud pulses as CG flashes [21] . In [22] , an analysis made to the Austrian LLS shows an increase of positive flashes after an upgrade to the sensors and the software package, which is similar to the Portuguese LLS. Table II shows GFD and computed Td values. Using (1), the average Td is computed, as shown in Table II Tables III and IV show the absolute and relative flash count distribution by latitude and longitude and by year. In these tables, a decrease of positive flashes with the increase of latitude and the decrease of longitude may be observed. Portugal has the highest number of positive flashes, compared with the other two regions.
In order to avoid overloading the paper with diagrams, the year 2007, the most recent one, is chosen as an illustrative example. Fig. 5 shows the absolute flash distribution by month over A, B, and C. A significant variation is observed (Fig. 5 ) in the absolute flash count distribution in all areas considered. It is not possible to say which month has the highest GFD because it varies significantly with no apparent rule.
However, relative flash count distribution has a more steady behavior. It can be seen (Fig. 6 ) that positive flashes are more frequent in winter months (October to March), reaching 40%, while negative flashes are more frequent (90%) in the summer months (April to September).
The cumulative probability of the peak current over area B (Portugal) is computed and compared with the curve given by IEC standards [23] (Fig. 7) . All present values of the peak current are related to the first stroke. Peak current values were not corrected from possible errors introduced by detection efficiency or propagation models [22] .
Along the five years under study, all curves overlap quite well, but they do not match the IEC curve so well . According to the IEC curve, only 20% of first CG strokes have a peak current of lower than 20 kA. However, for the Portuguese situation, 20% of first CG strokes have a peak current that is lower than about 8-10 kA. We note that the preliminary results presented in [15] match those presented here quite well.
The comparison between the cumulative distribution of peak current inferred by LLS and the one given by IEC standards should be taken with reserve. Note that the LLS provides current amplitude reports that may be affected by several uncertainties. These uncertainties are related mainly to the following issues: 1) LLS infers current amplitude starting from the measurement of magnetic fields and using an empirical formula that relates the measured peak fields with peak currents. Two strokes with the same peak value but different return stroke velocities would result in the same inferred current amplitude, while it is known that, for two different return stroke velocities, two different current amplitudes are needed to get the same field; however, and despite of the above, the statistical estimation (e.g., in terms of mean values and standard deviations) should be less affected by the variability of the return stroke speed, as shown in [2] ; 2) the cumulative distribution depends on the lowest value that the LLS are able to detect; 3) ground propagation effects and calibration errors may also have a great influence; 4) IEC distributions are based on current measurements of the lightning striking instrumented towers; it is known that this causes the so-called "tower effect," namely, the presence of the tower tends to bias toward higher values of the lightning current amplitudes [24] , [25] , while LLS refers to lightning striking the soil at ground level and, therefore, the relevant statistics do not suffer this bias. An excellent background that allows to better interpret and validate LLS-based findings is given in [3] .
The overall GFD map is shown in Fig. 8 . In this map, the country was divided into 10-km-long squares. GFD is calculated by counting lightning flashes during all of the years and dividing this number by the area of incidence and the number of years.
Please note that The GFD map characterizes the overall lightning threat to a power system, allowing to estimate how often the electrical installations are exposed to direct and indirect strokes. Hence, the GFD map has a very important role in evaluating the risk level associated with the potential location of any structure. From Table II , the average GFD between 2003 and 2007 in the B region is 0.65. These values are low enough to classify Portugal as a low-risk country. This is also in agreement with the damage due to lightning associated with human beings, services, and material goods [1] . However, in some mountains areas, the GFD value could reach 1 fl/km /year or higher.
A comparison between the GFD map in Fig. 8 and the Td map in Fig. 3 is discussed as follows. According to the Td map in Fig. 3 , North Portugal, and especially the Viana do Castelo region, is particularly affected by lightning. However, the GFD map drawn in Fig. 8 shows that the Viana do Castelo region is among the regions with lower risk. Looking at Fig. 3 , the region of Viana do Castelo is characterized by which corresponds, using (1), to . For the same region with 2200 km , we find 1869 flashes over four years which gives an average 0.2. This value is 9 times lower than that presented in the Td map of Fig. 3 . Fig. 9 shows the orographic map of Portugal. The overall GFD map of Fig. 8 matches the orographic map of Portugal quite well. As expected, a higher density of CG strokes in mountain regions can be observed, rather than in flat regions.
Comparing our results with those of a country with some geographical similarities, such as Japan [15] , we can say that the GFD is lower in Portugal than in Japan which varies from 0.5 to 5.0; as in Japan, the average ratio of positive flashes to negative is 20% in summer, and it is 33% in winter; the 50% current peak in Japan is higher and varies from 20 to 35 kA, while in Portugal, it is about 15 kA.
VI. CONCLUSION This paper presents lightning data observed with LLS in Portugal. The contributions of this paper are threefold. First, it is shown that Portugal has a percentage of positive flashes which is at least twice than that which was expected by IEC standards. Second, it is shown that positive flashes are more frequent in winter months, reaching 40%, while negative flashes are more frequent in summer months, reaching 90%. Finally, an overall GFD map is presented. This GFD map is compared with the Td map produced by the IM, and a weak correlation is noted. However, the GFD map matches the orographic map of Portugal quite well, showing a higher density of flashes in mountain regions rather than in flat ones and suggesting a strong influence of terrain with lightning activity. Hence, this paper greatly improves the knowledge of the lightning activity in Portugal. As a future work, a report on the precision and efficiency evaluation of the LLS through actual measurements is being carried out with IM. Also, since a large variation of the GFD parameter could be observed along these five years, especially in area B, a meteorological explanation is being investigated with IM.
